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ABSTRACT: Aggregation of the amyloid β-protein (Aβ) is believed to be involved in
Alzheimer’s disease pathogenesis. Here we have investigated the importance of the
aromatic rings at positions 19 and 20 for the aggregation rate and mechanism by
substituting phenylalanine with leucine. Aggregation kinetics were monitored as a
function of time and peptide concentration by thioflavin T (ThT) fluorescence, the
aggregation equilibrium by sedimentation assay, structural changes using circular
dichroism spectroscopy and the presence of fibrillar material was detected with cryo-
transmission electron microscopy. All peptides convert from monomer to amyloid
fibrils in a concentration-dependent manner. Substituting F19 with leucine results in a
peptide that aggregates significantly slower than the wild type, while substitution of
F20 produces a peptide that aggregates faster. The effects of the two substitutions are
additive, since simultaneous substitution of F19 and F20 produces a peptide with
aggregation kinetics intermediate between F19L and F20L. Our results suggest that
the aromatic side-chain of F19 favors nucleation of the aggregation process and may be an important target for therapeutic
intervention.
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Alzheimer’s disease (AD) is a devastating dementia for
which there are no preventive, disease-modifying, or

curative treatments.1 Several theories on the pathogenesis of
the disease have emerged. Of these, the amyloid cascade
hypothesis2,3 appears to best explain what we know about the
pathogenic process,4 central to which is the self-assembly of the
amyloid β-protein (Aβ).5−7 Aβ is produced by the sequential
proteolysis of the amyloid precursor protein (APP), but
because γ-secretase can cleave APP at multiple sites, this
gives rise to peptides with a variety of different C-termini.1,8 Of
these fragments, Aβ(1−40) is the most common and Aβ(1−
42) appears to be most closely linked to disease.9 In vitro Aβ
can aggregate into well-ordered β-sheet-rich fibrillar structures,
and plaques containing fibrillar Aβ are found in the brain of AD
patients. Initially, amyloid plaques were thought to be the
primary cause of synaptic and neuronal loss, but recent data
suggest that smaller diffusible assemblies may be the proximate
mediators of these effects.9−12 In particular, samples containing
dimers and trimers have been found to be significantly more
toxic than monomers.13 It has also been suggested that the
whole aggregation process, rather than a specific oligomer, is
the critical and toxic event.14,15 Similarly, some have speculated
that the deposition of Aβ in plaque may work as a protective
mechanism.11 Understanding the mechanisms that cause Aβ
monomers to aggregate and form oligomers and fibrils is of
obvious importance, since it could facilitate the development of
agents that therapeutically target toxic assemblies or prevent

their formation. A full appreciation of this process will require
elucidation of both intrinsic and extrinsic factors that affect the
aggregation rate and mechanism.
Aβ is amphiphatic with a charged N-terminus, a central

hydrophobic region, LVFFA (Aβ(17−21)), and a long
hydrophobic C-terminal tail. Previous studies have indicated
that this central hydrophobic region plays a key role in Aβ
aggregation.16−19 A striking feature of this region is the
presence of two phenylalanine (Phe) residues. Aromatic amino
acids are found in many proteins that self-assemble and
aggregate to cause human diseases.20 The role of the LVFFA
region has been studied both for Aβ(1−40) and Aβ(1−42) and
for short fragments of those two peptides.21−28 Inhibitors
containing aromatic groups have been synthesized to prevent
Aβ aggregation.23,25 The D-enantiomer of the hexapeptide
KLVFFA (encompassing residue 16−21 of Aβ) and analogues
thereof seems to bind to and inhibit Aβ(1−40) and Aβ(1−42)
aggregation, as monitored by circular dichroism (CD) spec-
troscopy21 and electron microscopy.27 These short peptides
work as β-sheet blockers and prevent further fibrillization of the
full-length peptide. The longer peptide, KLVFFAE with N-
methyl amino acids at alternate residue positions shows little
propensity for aggregation, presumably due to the methyl
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groups reducing the H-bonding necessary for β-sheet
formation, as confirmed by CD spectroscopy and ultra-
centrifugation.22 Introduction of proline residues into this
sequence also prevents aggregation presumably due to its
disruptive effect on secondary structure.29 Studies of short
peptide fragments comprising residues 15−23 and 12−26 of Aβ
show that replacement of any residue in the 17−23 range with
proline inhibits fibril formation, which is confirmed with Congo
Red binding assay, electron microscopy, CD spectroscopy, and
a HPLC assay.28 Introduction of proline into an even shorter
Aβ analogue (LPFFD) resulted in a peptide that inhibited
Aβ(1−40) and Aβ(1−42) fibril formation, disassembled
preformed fibrils, ameliorated Aβ(1−40)-induced toxicity in
neuroblastoma cells and reduced cerebral deposition of Aβ in
an APP transgenic mouse.26

The inhibitory action of short peptides or compounds
containing aromatic groups is suggested to rely on π-stacking
between the aromatic groups. Even though the structure
becomes more ordered when two aromatic groups interact, this
process seems to be driven by entropy; water molecules are
released from the aromatic rings when they interact via π-
stacking.20 Substituting the phenylalanines in the shorter
prototypes, Aβ(10−42) or Aβ(10−43) with hydrophobic or
polar residues resulted in less β-sheet content comparing to the
wild type prototypes. Out of all combinations tested,
AβF19GF20I and AβF19TF20T showed most notable results.
Even though they formed filaments, they could not be detected
with Congo red and did also inhibit filament formation when
mixed with the wild type prototype.18 Positions 19 and 20 have
also been studied in full-length Aβ(1−40) and Aβ(1−42), and
the double mutant F19LF20L was found to form fibrils in
similar manner as the wild type peptide.30 Aβ(1−40)
substituted with Pro at position 19 (Aβ(1−40)F19P) was not
prone to aggregation,31 and other studies have shown that
Aβ(1−40)F19P does not self-assemble but weakly interacts
with wild type fibrils.32 Also Aβ(1−42)F19D, a mutation that
reduces both the hydrophobicity and β-sheet propensity, and
introduces one extra negative charge, resulted in disruption of
aggregation.19 Despite all previous studies in the central
hydrophobic region so far, there is no detailed data on the
aggregation kinetics for any Aβ variants with aromatic
substitutions.
While solution NMR shows that Aβ monomer is largely

unstructured,24 there are a number of solid state NMR
structures for fibrillar Aβ. Although differing in the detailed
topology, these structures suggest that Aβ(1−40)33−35 and
Aβ(1−42)36 adopt a β-turn-β motif. In all models presented,
F19 interacts with at least one hydrophobic amino acid (V, L, I,
or G) on the opposite β-strand in the β-turn-β motif, while in
most models F20 mainly interacts with hydrophobic residues in
the same strand. In the fibril, F19 from different monomers
seem to stack on top of each other in an extended array and
there is also interaction with other hydrophobic residues on
adjacent monomers. Interestingly, the same is true for F20, but
neither F19 nor F20 seem to be involved in interprotofilament
contacts.24,33−36 X-ray fiber/powder diffraction and IR spec-
troscopy of Aβ(16−22) with and without cyanophenylalanine
at positions 19 and 20 also support the involvement of F19 in
hydrophobic interactions with V18, while F20 because of its
proximity to G22 in the same β-sheet is in a more hydrophilic
environment.37

In the present work, we have investigated how substitutions
of Phe19 and Phe20 of Aβ(M1−42) (where M stands for the

initiating Met residue which is needed when expressing the
peptide) affect the aggregation rate. Leucine was introduced to
positions 19 and 20 either singly or in combination and was
chosen because it has similar hydrophobicity and van der Waals
volume as phenylalanine but lower propensity for β-sheet
structure and it does not allow π-stacking.30,38,39 The
aggregation kinetics were studied using a highly reproducible
ThT assay,40 while enzyme-linked immunosorbent assay
(ELISA) was used to estimate the monomer concentration at
equilibrium.40 The secondary structure and aggregate morphol-
ogy were studied using circular dichroism (CD) spectroscopy
and cryo-transmission electron microscopy (cryo-TEM). Our
results imply that Phe19 plays an important role in the
nucleation of aggregation.

■ RESULTS AND DISCUSSION
The propensity of the four peptides to form amyloid fibrils was
assessed by monitoring changes in ThT fluorescence, secondary
structure, aggregate morphology, and soluble concentration of
monomer at equilibrium. When ThT binds to amyloid fibrils, it
undergoes a red-shift in its emission spectrum with an
enhanced quantum yield,41,42 a property that has been
exploited to monitor amyloid formation. Here we used ThT
fluorescence to monitor the kinetics of the fibril formation at
25−44 different peptide concentrations in the range 0.3−10
μM. All peptides were found to form ThT active species with
maxima between 480 and 484 nm (Supporting Information
Figure SI 1). Figure 1 shows examples of experimental data
(ThT fluorescence as function of time) at three concentrations
(6, 4, and 2 μM; four replicates of each peptide) from one
experiment with wild type (wt), F19L, F20L, and F19LF20L.
From these time-dependent ThT data, the half-time for
aggregation, t1/2, was estimated by fitting a sigmoidal function
(eq 1) to every curve (Supporting Information Figure SI 2).
Note that this is just a mathematical function that fits the data
reasonably well. The half-time is then plotted as a function of
peptide concentration in Figure 2, and a power function (eq 2)
is fitted to that data.
There is a clear difference between wt and F19L. F19L

aggregates significantly more slowly than wt with a longer t1/2
over the entire concentration interval studied. Below ca. 0.8
μM, there is more scatter in the data, so here we focus on the
results obtained in the range 0.8−10 μM. The difference is
most pronounced, around 1−2 μM, where t1/2 is ca. 8 times
longer for F19L than for wt. This suggests that nucleation is
slower for F19L. In contrast, F20L appears more prone to
aggregate than either wt or F19L. It has a slightly shorter half-
time than wt, which means that fibrils are formed faster for this
mutant. The effect is small, but it persists over all
concentrations between 0.8 and 10 μM (Figure 2, inset).
When both mutations are present in the same peptide, their
opposite effects are somewhat neutralized. The F19LF20L
peptide is slightly less prone to aggregate than wt, but exhibits a
much greater propensity for aggregation than does F19L. In
keeping with this observation, F19LF20L is significantly less
prone to aggregate than F20L. Thus, the presence of an
aromatic side chain in position 19 contributes to accelerating
the aggregation process, whereas an aromatic side chain in
position 20 retards it.
The scaling exponent α from the power function fitted to the

concentration-dependence of the half-time (Table 1) is also
significantly lower (more negative) for F19L compared to the
other peptides, meaning a significantly steeper concentration
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dependence for F19L as clearly seen in the double logarithmic
plot (Figure 2, inset). The aggregation mechanism for wild type
was recently found to involve both primary (from monomer
only) and secondary (from monomer and fibril) nucleation
steps.43 Primary nucleation involves monomer only and
happens first when the starting condition is pure monomer.
These nuclei grow quickly and fibrils appear very early during
the lag phase of the process, but their concentration is not
detectable by ThT fluorescence. Fibrils provide a catalytic
surface for nucleation from monomers, and the secondary
process becomes faster than primary nucleation. This reveals
itself both in the shape of individual aggregation curves and in
the concentration-dependence of the reaction half-time.43,44

The steeper concentration dependence as observed for F19L
could mean either a higher relative importance of secondary

over primary nucleation or a larger nucleus size (by one
peptide) compared to wt.44

There is also a difference in the ThT fluorescence intensity at
equilibrium between the four peptides. The difference is most
significant for F19L, and this peptide seems to give higher
intensity (Figure 1). The ThT intensity for F19L is on average
58% higher compared to wt in the range 0.8−10 μM. The
increase in ThT intensity has been interpreted to be a
consequence of more fibrils being formed.30 However, when
0.8−10 μM wt is allowed to aggregate 90−99% of the peptide is
sedimentable.40 This is also confirmed by the gel filtration
experiment which fails to detect any monomers in equilibrium
with fibrils (Supporting Information Figure SI 3). Thus, even if
100% of any of the mutants aggregated to form fibrils, this small
increase would be unlikely to account for the observed increase
in ThT. Moreover, the final ThT intensity is more or less linear
with concentration for each peptide (Figure 1). The different
intensities more likely reflect different modes of ThT binding to
different types of fibrils and differences in fluorescence
quantum yield due to the local environment of the bound
dye. A model obtained from simulations suggests that linear
dyes such as ThT bind in grooves formed by the side chains in
a so-called channel model. The binding is parallel to the long
axis of the fibril surface, and there has to be at least five β-
strands of a flat β-sheet surface to accommodate one ThT
molecule.45 It is also reported that ThT interacts strongly with
both aromatic and leucine residues.45 To exclude that the
significant difference in half-time and ThT intensity between wt
and F19L is due to different affinities of ThT for the products
(fibrils), the dye was added at different time points (Figure 3).
The concentration of each peptide was 4 μM; otherwise, the
conditions are the same as in Figure 1. The upper and lower
arrows indicate the time points where ThT is added to wt and
F19L, respectively. We consistently observe that the wt peptide
has a shorter half-time compared to F19L, irrespective of when
ThT is added, and the half-times for both peptides are almost
identical as in Figure 1 (middle panel). Different concentrations
of ThT have also been added to the wt peptide without
affecting the half-time.43

All three mutants show similar behavior as the wt in the
sedimentation assay using ELISA to estimate Aβ in solution.40

For all mutants, the results are indicative of a phase transition,
and above the transition point the monomer concentration is
constant or decreases with increasing total peptide concen-
tration (Supporting Information Figure SI 4).
Another way to monitor the kinetics of the fibril formation is

to follow secondary structure changes using far-UV circular
dichroism spectroscopy. This reveals whether the mutants have
the same structure as the wild type in monomer and fibril state.
The four peptides were studied at 5 μM in 5 mM phosphate
buffer, 40 mM NaF, pH 8.0, at 37 °C in quartz cuvette. Because
the surface (quartz vs PEGyltated polystyrene) and buffer
conditions are different compared to the ThT assay, and
instead of shaking we used a magnetic stirrer for continuous
mixing of the solution, the half-time cannot be compared with
the one achieved from the ThT assay.
Figure 4 shows CD spectra for wt and F19L in the upper

panel and F20L and F19LF20L in the lower panel. Green
curves show spectra recorded at time zero (t = 0), that is,
directly when the cuvette is placed in the instrument. For all
peptides at t = 0, there is a single negative peak with a
minimum at 200 nm, typical for random coil structure in
agreement with other reports.46,47 At 120 min (red curve), the

Figure 1. ThT fluorescence intensity as a function of time for Aβ42 wt
(black), F19L (green), F20L (red), and F19LF20L (blue) at 6, 4, and
2 μM in the upper, middle, and lower panel, respectively. All samples
contain 12 μM ThT, 20 mM sodium phosphate, 200 μM EDTA, and
0.02% NaN3, pH 8.0. Four replicates of each peptide at each
concentration are shown, and the data shown are representative of
three such experiments. F19L and F19LF20L have a longer half-time
than wt, most significant for F19L, while F20L has a shorter half-time.
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wild type has formed fibrils, and the spectrum has a maximum
at 192 nm and a broad minimum at 216 nm indicative of a β-
sheet structure19,46,47 and a maximum at 191 nm. At
intermediate time points (90 min shown), the wild type
spectrum resembles that of peptides in α-helical structure.
However, this spectrum can be generated as a superposition of
the spectra at t = 0 and t = 120 min, multiplied by 0.41 and

Figure 2. Half-time as a function of total Aβ42 concentration for wt (black), F19L (green), F20L (red), and F19LF20L (blue). All data points are an
average of at least four replicates with error bars representing the standard deviation. Inset: The same data with logarithmic axes. The solid lines are
power functions fitted to the experimental data. F19L has longer half-time compared to wt at all concentrations and steeper concentration
dependence.

Table 1. Parameters from the Power Function Fitted to the
Concentration Dependent Half-Time Data

eq 2 wt F19L F20L F19LF20L

B 6 31 3 8
α −1.2 −1.7 −1.0 −1.2

Figure 3. ThT fluorescence intensity as a function of time for 4 μM Aβ42 wt or F19L. The different colors correspond to the time points when 12
μM ThT is added to each sample. The upper and lower arrows correspond the ThT additions to wt and F19L, respectively. Every color represents
an average out of two experiments. All samples contain 20 mM sodium phosphate, 200 μM EDTA, and 0.02% NaN3, pH 8.0. F19L still has a longer
half-time than wt even though ThT is added at different time points.
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0.59, respectively (Figure 5, orange line), and thus, a mixture of
41% monomer and 59% fibril would give the same spectrum.
The behavior of the three mutants was similar for each, but
distinct from the wt, and the random coil signal is observed to
decay at different time points, as expected from the results of
the ThT assay. At t = 0, the mutant peptides produced spectra
with a single broad minimum around 200 nm, but upon

incubation the strength of the minimum increased and shifted
toward 202 nm. Also distinct maxima at 192 nm became
apparent (blue and red curves for F19L, F20L, and F19LF20L
in Figure 4). After a certain time point (different between the
mutants), the intensity reaches a maximum and does not
change over time. If stirring is stopped at this time point, the
spectrum acquires the same shape and intensity as the one for
wild type fibrils and corresponds to a β-sheet structure with a
minimum at 216, 217, and 218 nm and a maximum at 193, 195,
and 195 for F19LF20L, F20L, and F19L, respectively (black
curves in Figure 4). The y-axis scale in Figure 4 is varied
between the panels so that all the spectra for each peptide fit in
one figure. In Supporting Information Figures SI 5 and 6, the y-
axis is the same in all panels. Clearly, at time zero (the green
curves) and at the end point (red for wt and black for the
mutants), wt and mutants have their minima and maxima at a
similar wavelength (Supporting Information Figures SI 5 and
6). This verifies that all peptides start with a random coil
structure and end with a β-sheet. However, stirring seems to
align the mutant fibrils in a way, producing a strong signal with
a minimum at 202 nm, which is not seen for the wild type.
Similar strong signal around 202 nm is seen with linear
dichroism spectroscopy when the alignment of fibrils from a
fragment of β2-microglobulin is studied as a function of the flow
rate.48

The CD analysis implies that aromatic rings at positions 19
and 20 play an important role in how the peptides are ordered

Figure 4. Far-UV CD spectra for Aβ42 wt and F19L in the upper panels and F20L and F19LF20L in the lower panels at different time points. The
concentration of all peptides is 5 μM. All spectra are recorded during continuous stirring, except for the black curves which are at quiescent
condition. In all cases, the structure changes from random coil at the beginning of the experiment to β-sheet in the end.

Figure 5. Far-UV CD spectra of Aβ42 wt. The same spectra as the one
shown in Figure 3 with the addition of the orange line, which is
generated as a superposition of the spectra at t = 0 and t = 120 min
multiplied by 0.41 and 0.59, respectively. The sample at intermediate
time (90 min) contains a mixture of unstructured peptide and fibril.
No other species are seen.
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in fibrils but the effect of changing Phe to Leu is only seen
when a mechanical force is applied by stirring the sample. In
spite of this behavior, the half-time follows the same trend as in
the ThT assay (Figure 6), independent of the different

conditions (buffer, surface, mixing) used in the CD experi-
ments. It is also another validation that the difference in kinetics
between the four peptides is not caused by ThT.
Next we used cryo-transmission electronic microscopy (cryo-

TEM) to assess the morphology of aggregates formed after
agitation at 37 °C for five to seven days. It is confirmed that all
the peptides formed fibrils (Figure 7) and the average width
estimated at this resolution is 6 nm (Supporting Information
Table SI 1).
The results of the present study suggest that Leu is well

accommodated in fibrils both at position 19 and 20. The Phe to
Leu substitutions do not interfere with the fibril formation
equilibrium, and the morphology is similar in all cases. This is
in line with earlier finding of fibril formation by Aβ42 variants
containing a variety of hydrophobic exchange substitutions.49

However, we have shown that a Phe to Leu substitution at
position 19 significantly affects the aggregation rate, seen both
as an extended half-time and steeper concentration depend-
ence, suggesting a change in aggregation mechanism involving a
change in the relative rates of underlying microscopic
processes.44 One driving force for nucleation may be the
hydrophobic effect, leading to association of hydrophobic
segments to release water, thereby increasing the entropy.
Counteracting this effect may be steric hindrance in the formed
nucleus. Phe and Leu have similar hydrophobicity,39 and Aβ wt
and F19L have the same net charge and hydrogen bonding
capacity. Therefore, aromatic stacking and steric hindrance

Figure 6. Normalized ellipticity at 218 nm as a function of time. All
samples contain 5 μM peptide in 5 mM sodium phosphate buffer, pH
8.0 with 40 mM NaF and without ThT. The half-time cannot be
compared with the one in the ThT assay because the conditions are
not the same (buffer, surface, mixing). Still it is the same trend as with
the ThT assay.

Figure 7. Cryo-TEM results of Aβ42 wt and F19L in the upper panels and F20L and F19LF20L in the lower panels. Fibrils are formed in all cases
with only a slight difference in the morphology.
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might be the crucial differences governing nucleation in the
case of Phe19 and/or disfavoring nucleation in the case of
Leu19.
In summary, this work highlights the importance of position

19 and shows that the aromatic group of F19 plays a role in the
onset of fibril formation. In contrast the aromatic group of F20
retards aggregation. This knowledge may stimulate searches for
compounds or proteins that bind to the aromatic groups and
inhibit or slow down the aggregation process combined with
kinetic studies aimed at understanding which event along the
pathway is affected.

■ METHODS
Expressing the Peptides. The genes coding for wild type

Aβ(M1−42) and the designed mutants Aβ(M1−42)F19L, Aβ(M1−
42)F20L, and Aβ(M1−42)F19LF20L were produced by overlapping
PCR, cloned into the PetSac vector and expressed in E. coli.50 The
purification procedure involves sonication and isolation of inclusion
bodies by centrifugation, dissolving these in urea, and isolation of the
peptide by ion exchange and size exclusion steps.50 Thereafter,
solutions of purified peptide were lyophilized and stored as dried
powder until needed.
Preparation of Samples. All experiments started by using size

exclusion chromatography (SEC) to isolate solutions of monomeric
peptide. This was achieved by dissolving approximately 170 μg of
peptide in 1.0 mL of 6 M GuHCl for 30 min (to dissolve pre-existing
aggregates). Thereafter, the Aβ GuHCl solution was injected on to a
Superdex 75 10/300 GL column using a fast liquid protein
chromatography (FPLC) system eluted at 0.7 mL/min in the desired
buffer (Supporting Information Figure SI 7). For ThT, TEM, and
ELISA experiments, monomers were eluted in 20 mM sodium
phosphate buffer, pH 8.0, with 200 μM EDTA and 0.02% NaN3,
whereas 5 mM sodium phosphate with 40 mM NaF, pH 8.0, was used
for CD spectroscopy. The center of the monomer peak was collected
(Supporting Information Figure SI 7) to minimize contamination from
E. coli proteins or soluble aggregates or salts, and peptide
concentration determined by absorbance at 280 nm using ε280 =
1440 M−1 cm−1 and by amino acid analysis.
Kinetic Aggregation Experiments. Both the monomer solution

and the sodium phosphate buffer used for preparing the experimental
samples contained thioflavin T (ThT) at a final concentration of 12
μM. All solutions were kept on ice before starting the experiments.
Low binding Eppendorf tubes (Genuine Axygen Quality, Microtubes,
MCT-200-L-C) were used to prepare dilution series of 24 samples
with concentrations ranging between 0.3 and 10 μM. Each tube
contained a total volume of 400 μL, and the solution was mixed by
turning the tube upside down, instead of vortexing, to avoid air
bubbles. A Corning 3881, 96-well half-area plate of black polystyrene
with a clear bottom and PEG coating was used, and each well was
loaded with 100 μL of sample. The samples with lowest concentrations
were loaded first and the highest last. The plate was sealed with a
plastic film (Corning 3095). The plate was placed in a Fluostar Omega
plate reader (BMG Labtech, Offenburg, Germany) and incubated at
37 °C with orbital shaking (100 rpm) between reads. ThT
fluorescence was measured every 6 min up to 72 h through the
bottom of the plate, with the excitation and emission at 440 and 480
nm, respectively. Each mutant was studied in three different plates
with quadruplicate samples for each of the 24 concentrations. The half-
time (t1/2) was estimated by fitting the following sigmoidal function to
each curve:

= +
+ − −( )

F t F
A

( )
1 e k t t0 ( )1/2

(1)

where F0 is the baseline before aggregation, A is the amplitude, and k is
the apparent elongation rate constant. The following power function
was used to fit the half-time versus the total Aβ concentration, c

= αt c Bc( )1/2 (2)

where B is a proportionality constant and α is an exponent.
Cryogenic Transmission Electron Microscopy (cryo-TEM).

The samples used for cryo-TEM were prepared and incubated in the
same way as for the kinetic aggregation experiments and did also
contain ThT. A sample of each peptide with a concentration of 10 μM
was incubated for 5−7 days. Specimens for electron microscopy were
prepared in a controlled environment vitrification system (CEVS) to
ensure stable temperature and to avoid loss of solution during sample
preparation. The specimens were prepared as thin liquid films, <300
nm thick, on lacey carbon filmed copper grids and plunged into liquid
ethane at −180 °C. This leads to vitrified specimens, avoiding
component segmentation and rearrangement, and water crystallization,
thereby preserving original microstructures. The vitrified specimens
were stored under liquid nitrogen until measured. An Oxford CT3500
cryoholder and its workstation were used to transfer the specimen into
the electron microscope (Philips CM120 BioTWIN Cryo) equipped
with a postcolumn energy filter (Gatan GIF100). The acceleration
voltage was 120 kV. The images were recorded digitally with a CCD
camera under low electron dose conditions. The width of the fibrils
was measured using the software ImageJ.

Enzyme-Linked Immunosorbent Assay (ELISA). The samples
used for ELISA were prepared in the same way as for the kinetic
experiments but did not contain ThT. To allow maximal aggregation,
samples were incubated at 37 °C with shaking for 6−7 days. Large
aggregates were sedimented by centrifugation at 19 900g for 20 min,
and the upper 10% of supernatant was removed and the amount of
peptide remaining in solution was measured by ELISA.40 ELISA was
used, since the amount of peptide remaining in solution was lower
than that which could be measured reliably by absorbance at 280 nm.
Moreover, this sort of ELISA preferentially recognizes Aβ monomer
and therefore allows us to estimate the concentration of monomer
when fibril formation has reached a steady state level. The reported
data is an average out of two to six wells for each of the 24
concentrations. Calibration curves were generated for separate dilution
series of the four peptides to identify the linear response region, and all
samples were diluted to fall in this region.

Circular Dichroism (CD) Spectroscopy. The ellipticity was
recorded between 260 and 190 nm in a quartz (QS) cuvette with 10
mm path length at 37 °C during continuous stirring unless otherwise
noted, using a Jasco J-815 CD spectrometer. The scanning rate was 50
nm/min, the digital integration time per data point (D.I.T.) 8 s,
sensitivity set to standard, the background signal from the buffer has
been subtracted, and the reported data are averaged over 3
accumulations; 5 mM sodium phosphate buffer, pH 8.0 with 40 mM
NaF was used, and the peptide concentration was 5 μM.
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